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Analogs of the high-Tc cuprates have been long sought after in transition metal oxides. Due
to the strong spin-orbit coupling (SOC), the 5d perovskite iridates Sr2IrO4 exhibit a low-energy
electronic structure remarkably similar to the cuprates. Whether a superconducting state exists as
in the cuprates requires understanding the correlated spin-orbit entangled electronic states. Recent
experiments discovered hidden order in the parent and electron doped iridates, some with striking
analogies to the cuprates, including Fermi surface pockets, Fermi arcs, and pseudogap. Here, we
study the correlation and disorder effects in a five-orbital model derived from the band theory. We
find that the experimental observations are consistent with a d-wave spin-orbit density wave order
that breaks the symmetry of a joint two-fold spin-orbital rotation followed by a lattice translation.
There is a Berry phase and a plaquette spin flux due to spin procession as electrons hop between
Ir atoms, akin to the intersite SOC in quantum spin Hall insulators. The associated staggered
circulating Jeff = 1/2 spin current can be probed by advanced techniques of spin-current detection
in spintronics. This electronic order can emerge spontaneously from the intersite Coulomb interac-
tions between the spatially extended iridium 5d orbitals, turning the metallic state into an electron
doped quasi-2D Dirac semimetal with important implications on the possible superconducting state
suggested by recent experiments.
Sr2IrO4 is isostructural to the cuprate La2CuO4 and
becomes a canted AF insulator below a Ne´el tempera-
ture TN ≃ 230 K [1, 2]. The canting of the in-plane
magnetic moments tracks the θ ≃ 11◦ staggered IrO6 oc-
tahedra rotation about the c axis [3–6] due to the strong
spin-orbit coupling (SOC). The AF insulating state arises
from a novel interplay between SOC and electron cor-
relation most easily understood near the atomic limit.
Ir4+ has a 5d5 configuration. The 5 electrons occupy
the lower 3-fold t2g orbitals separated from the higher 2-
fold eg orbitals by the cubic crystal field ∆c. The strong
atomic SOC, λsoc, splits the t2g orbitals into a low-lying
Jeff = 3/2 spin-orbit multiplet occupied by 4 electrons
and a singly occupied Jeff = 1/2 doublet. Assuming λsoc
and ∆c are sufficiently large compared to the relevant
bandwidths when Sr2IrO4 crystalizes, a single Jeff = 1/2
band is half-filled and can be driven by a moderate lo-
cal Coulomb repulsion U to an AF Mott insulating state
[1, 2, 7]. The nature of the spin-orbit entangled insu-
lating state has been studied using the localized picture
based on the Jeff = 1/2 pseudospin anisotropic Heisen-
berg model [7–11], the three-orbital Hubbard model for
the t2g electrons with SOC [12–15], and the microscopic
correlated density functional theory such as the LDA+U
and GGA+U [1, 16–18]. Moreover, carrier doping the AF
insulating state was proposed to potentially realize a 5d
t2g-electron analog of the 3d eg-electron high-Tc cuprate
superconductors [8, 12, 13, 19, 20].
In this work, we study the hidden order in both sto-
ichiometric and electron-doped Sr2IrO4 discovered re-
cently by angle-resolved photoemission (ARPES) and
scanning tunneling microscopy (STM). In high quality
undoped Sr2IrO4 samples, the most recent ARPES ex-
periment [21] was able to resolve the broad spectra in the
canted AF insulator near the high symmetry point X =
(π, 0) and (0, π) observed in earlier experiments [1, 22–
25] and reveal a degeneracy splitting of the quasiparti-
cle (QP) dispersion, indicative of a symmetry breaking
hidden electronic order. Electron doping the AF insula-
tor has been achieved by La substitution (Sr2−xLaxIrO4)
[21, 26], oxygen deficiency (Sr2IrO4−δ) [27], and in situ
potassium surface doping [28–30]. ARPESmeasurements
showed that the collapse of the AF insulating gap gives
rise to a paramagnetic (PM) metallic state with Fermi
surface pockets for bulk electron doping at x = 0.1
[21] and to Fermi arcs [28] with d-wave like pseudo-
gaps around X [21, 29] under surface doping, in strik-
ing analogy to the high-Tc cuprates. A hidden elec-
tronic order that breaks the rotation, inversion, and time-
reversal symmetries has been observed in hole-doped
Sr2Ir1−xRhxO4 by optical second harmonic generation
(SHG) [31] and neutron scattering measurements [32].
However, similar experiments have not been performed
in electron-doped iridates. Moreover, since the Rh sub-
stitution of the strongly spin-orbit coupled Ir in the Ir-O
plane is very different than the electron-doping by La
substitution in the off-plane charge reservoir layers or
surface K-doping, we shall not consider the hole-doped
case further in this paper. Our focus will be the hidden
electronic order in the low-energy QP properties observed
by ARPES and STM in undoped and electron-doped iri-
dates.
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FIG. 1: Comparison of the band structures obtained using
(a) LDA and (b) the five-orbital TB+SOC model with lattice
distortion caused by staggered octahedra rotation. The dou-
bling of bands and the small band splitting in (a) is due to
the doubling of unit cell along c−axis. The inset in (b) shows
the one-Ir Brillouin zone (solid black lines), the reduced zone
(dotted black lines), and the high-symmetry points labeled
by Γ = (0, 0), X = (pi, 0), Y = (0, pi), M = (pi, pi), and
N = (pi/2, pi/2).
To this end, we study the effects of correlation, SOC,
and structure distortion on the spin-orbit entangled elec-
tronic states. We show that these remarkable QP prop-
erties can be described by a d-wave spin-orbit density
wave with a circulating staggered Jeff = 1/2 spin current
that breaks the symmetry of two-fold spin-orbital rota-
tion followed by lattice translation. It gaps out the band
touching point at momentum X and generates the elec-
tron pockets in the PM phase, and splits the degenerate
band near X in the canted AF insulator, in remarkable
agreement with experiments. The effects of disorder are
studied and shown to produce the pseudogap and Fermi
arcs observed under surface doping. The electronic or-
der induces a Berry phase associated with the staggered
plaquette spin-flux as electrons hop between the Ir sites
via the oxygen due to spin-precession. We argue that the
hidden order has an electronic origin and can be gener-
ated spontaneously by the intersite Coulomb interactions
due to the large spatial extent of the iridium 5d orbitals,
turning the metallic phase of the iridates into an electron
doped quasi-2D Dirac semimetal. These findings provide
new insights and perspectives for understanding the pos-
sible emergence of a superconducting phase [29, 30].
We start with a realistic electronic structure calcu-
lation using the local density approximation (LDA) in-
cluding SOC and the structural distortion [33, 34]. The
result is shown in Fig. 1a for θ = 11◦. We then
construct a two-dimensional tight-binding model includ-
ing SOC (TB+SOC) for the low-energy band struc-
ture using five localized Wannier orbitals to be labeled
by µ = 1(dY Z), 2(dZX), 3(dXY ), 4(d3Z2−R2), 5(dX2−Y 2).
The TB+SOC Hamiltonian in the local coordinates that
rotate with the octahedra is given by
H0 =
∑
ij,µν,σ
tµν,σij d
†
iµσdjνσ +
∑
iµσ
ǫµd
†
iµσdiµσ
+
∑
i,µν,σσ′
λsoc 〈µ |L| ν〉 · 〈σ |S|σ′〉 d†iµσdiνσ′ . (1)
Here d†iµσ creates an electron with spin-σ in the µ-th or-
bital at site i, and tµν,σij is the spin-and-orbital dependent
complex hopping integrals between sites i and j of up to
fifth nearest neighbors given in the Supplemental Mate-
rial. The second term in Eq. (1) denotes the crystalline
electric field (CEF) ǫ1,··· ,5 = (0, 0, 202, 3054, 3831)meV
with a separation of ∆c ≡ 10Dq ≈ 3.4eV between the t2g
and eg complexes. The last term in Eq. (1) is the atomic
SOC with λsoc = 357 meV; S and L are the spin and
orbital angular momentum operators respectively, whose
matrix elements Sησσ′ = 〈σ |Sη|σ′〉 where η = x, y, z in
spin-space and Lηµν = 〈µ |Lη| ν〉 in the five d-orbital basis
are given explicitly in the Supplemental Material. The
band dispersion produced by the TB+SOC Hamiltonian
is shown in Fig. 1b, which captures faithfully the LDA
band structure in Fig. 1a near the Fermi level. This is
the first TB+SOC model of the first-principle electric
structure of all five d-orbitals, which are necessary to de-
scribe quantitatively the lattice distortion and the atomic
SOC. Zooming in to low energies in Fig. 2a, it is clear
that for the realistic bandwidths and CEF, the atomic
SOC is insufficient to prevent two bands of predomi-
nantly Jeff = 1/2 and 3/2 characters to cross the Fermi
level and give rise to two Fermi surfaces (FS) shown in
Fig. 2(a).
To study the electron correlation effects, we consider
the five-orbital Hubbard model H = H0 +HU with
HU = U
∑
i,µ
nˆiµ↑nˆiν↓ + (U ′ − J/2)
∑
i,µ<ν
nˆiµnˆiν
− J
∑
i,µ6=ν
Siµ · Siν + J
∑
i,µ6=ν
d†iµ↑d
†
iµ↓diν↓diν↑, (2)
where U and U ′ are the local intra- and inter-orbital
Coulomb repulsions and J is the Hund’s rule coupling
with U = U ′ + 2J . In the presence of SOC, the Hartree
and exchange self energies induced by HU in the self-
consistent Hartree-Fock theory depend on the full spin-
orbital dependent density matrix nµνiσσ′ = 〈d†iµσdiνσ′ 〉.
Local physical quantities in the ground state can be
expressed in terms of nµνσσ′ . The orbital occupation
nµ =
∑
σ n
µµ
σσ, the spin density S
η =
∑
µ,σσ′ S
η
σσ′n
µµ
σσ′ ,
the orbital angular momentum Lη =
∑
µ6=ν,σ n
µν
σσL
η
µν ,
and the SOC Λη =
∑
µν,σσ′ n
µν
σσ′L
η
µνS
η
σσ′ can be deter-
mined from the Hartree and exchange self energies.
Interacting electronic structure. In the absence of sym-
metry breaking (〈S〉 = 〈L〉 = 0), the only corrections to
the electronic structure are the changes in the CEF and
the renormalization of the atomic SOC. However, due to
the cubic crystal field, Λη are different along different di-
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FIG. 2: The band dispersions and the corresponding FS of
(a) the noninteracting U = 0 and (b) the nonmagnetic state
in the interacting (U,J)=(1.2, 0.05) eV system at x = 0.
The thickness of the black lines denotes the content of the
Jeff = 1/2 doublet, while the size of the red open squares
shows the content of the Jeff = 3/2 multiplet.
rections. As a result, the correlation induced SOC renor-
malization is both directional and orbital dependent, i.e.
the λso in Eq. (1) is replaced by λ
η
µν = λsoc+∆λ
η
µν where
∆λ ∝ λso(U ′−J)NF , where NF is the Fermi level density
of states. In Fig. 2b, the interacting electronic structure
is shown at (U, J)=(1.2, 0.05) eV and x = 0. We find
that the most important correlation effect on the elec-
tronic structure is the renormalization of λsoc, leading
to a significantly enhanced effective SOC of 665 meV for
the t2g complex much larger than the bare atomic value.
As a consequence, the Jeff = 3/2 band in the LDA band
structure in Fig. 2a is pushed below the Fermi level to-
gether with the hole FS pockets around Γ and M . As
shown in Fig.2b, this gives rise to the single band crossing
the Fermi level that is of dominant Jeff = 1/2 character
and folded by (π, π) due to the lattice distortion. This
correlation induced band polarization through enhance-
ment of the SOC by the Hubbard interaction enables the
Jeff = 1/2 picture.
Canted AF insulator at x = 0. The fully self-
consistent Hartree-Fock ground state at nonzero values
of U and J is indeed a canted AF insulator as de-
picted in Fig. 3a with fully gapped QP dispersions shown
in red-solid lines in Fig. 3b. The magnetization and
the canting angle depend on the interaction parameters.
For (U, J) = (1.2, 0.05)eV, the ordered magnetic mo-
ment is |〈L〉 + 2〈S〉| ≃ 0.67µB with a canting angle of
about 22◦, which are larger than the experimental val-
ues. Note that weak-coupling approaches tend to over-
estimate magnetism; the results should be regarded as
qualitative rather than quantitative [35] and our find-
ings will not rely on these microscopic details. Compar-
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FIG. 3: (a) Schematics of the in-plane canted AF moments on
the Ir square lattice with a two-dimensional rendering of the
staggered IrO6 octahedral rotation. (b) QP band dispersion
in the canted AF state (red solid lines) and the nonmagnetic
state (black solid lines) at (U, J)=(1.2, 0.05) eV and x = 0. (c)
Schematics of the d-wave Jeff = 1/2 pseudospin current order
and associated staggered pseudospin flux Φσ = ±σφ. (d) QP
band dispersion in the canted AF state with coexisting d-wave
Jeff = 1/2 pseudospin current corresponding to ∆d = 30meV.
Open blue squares are data from ARPES experiments [21].
ing to the observed QP dispersion below the Fermi level
in Fig. 3b reveals an important difference near the high
symmetry point X : ARPES detects two split bands sep-
arated by about 200 meV as shown by the superimposed
blue squares. A symmetry analysis is necessary to under-
stand this difference. In the PM state (black lines), there
exists a band touching point (BTP) located at X about
130meV above the Fermi level. This is a four-fold degen-
erate van Hove crossing point of the Jeff = 1/2 doublet
band with its (π, π)-folded counter part by the structural
distortion. The SOC does not affect the band degeneracy
at X . Although the AF order breaks the time-reversal
(T ) symmetry and splits the Kramers pair, the QP band
below the AF gap in Fig. 3b still maintains a two-fold
degeneracy. The two split bands observed by ARPES
near X are thus consistent with a ±100 meV band de-
generacy lifting due to an additional symmetry breaking
associated with a hidden order in the canted AF state.
Symmetry analysis: hidden order in AF phase. The
symmetry implications on the electronic structure in
Sr2IrO4 are subtle because of the strong SOC that ren-
ders the point group incomplete. In the absence of SOC,
the doubly-degenerate band in a two-sublattice collinear
AF state is related to a symmetry operation that flips
the spin followed by an A ↔ B sublattice translation
τAB [36]. In the iridates, spin rotations are coupled to
orbital spatial rotations due to the strong SOC. As a
consequence, flipping the spin by the 180◦ spin-rotation
R′s(π) around the [11¯0] axis (direction of the canted FM
moment) in Fig. 3a must be accompanied by a spatial C′2
4rotation around the same axis, leading to the joint two-
fold rotation J ′2 ≡ R′s(π)⊗C′2. The corresponding oper-
ation in the spin-orbit entangled states must therefore be
extended to R′2 ≡ J ′2 ⊗ τAB = R′s(π) ⊗ C′2 ⊗ τAB. R′2 is
indeed a symmetry even in the presence of spin canting
and the structural distortion. Thus, a hidden order that
breaks R′2 would lift the two-fold band degeneracy. To
determine the specific form of the hidden order, one can
exhaust all possible interactions involving the low energy
t2g orbitals that do not break lattice translation, iden-
tify those that break R′2, and examine their momentum
space anisotropy according to experiments [8]. Since the
low energy physics here is dominated by the Jeff = 1/2
quantum states, the outcome can be suitably understood
in the local pseudospin basis discussed in the Supple-
mental Material, |J = 1/2, Jz = ±1/2〉 = γ†±|0〉 where
γσ =
1√
3
(iσdY Z,σ¯ + dZX,σ¯ + idXY,σ) creates the Jeff =
1/2 doublet in QP excitations. Under the joint two-fold
spin-orbital rotation J ′†2
∑
σ σγ
†
σγσJ ′2 = −
∑
σ σγ
†
σγσ,
i.e. the pseudospin is flipped, as does its current. Consid-
ering the C′2 rotation and the sublattice translation τAB,
we arrive at the desired degeneracy lifting interaction
H∆ = i∆d
∑
i∈A,σ
∑
j=i+δ
(−1)iy+jyσγ†i,σγj,σ + h.c. (3)
where δ = ±xˆ,±yˆ and (−1)iy+jy is the standard near-
est neighbor (nn) d-wave form factor. H∆ maintains T ,
but breaks R′2 since R′†2H∆R′2 = −H∆. Eq. (3) de-
scribes staggered (d-wave) circulating Jeff = 1/2 spin
currents around each plaquette. Physically, the QPs tra-
verse around a plaquette acquire a Berry phase from the
enclosed spin flux for each pseudospin component in op-
posite directions as shown in Fig. 3c. A nonzero expecta-
tion value ofH∆ in the ground state thus gives rise to the
Jeff = 1/2 d-wave pseudospin current order (d-PSCO).
Note that Eq. (3) can also be interpreted as a Jeff = 1/2
d-wave spin-orbit density wave (d-SODW) that can ex-
hibit long-range order without the T -breaking magnetic
or charge current order. We will use d-PSCO and d-
SODW interchangeably. Moreover,H∆ also has the form
of a d-wave spin-orbit coupling of the Jeff = 1/2 QP and
the d-wave form factor is crucial for breaking R′2. In-
deed, projecting the tight-binding H0 into the Jeff = 1/2
basis in the local coordinates generates an extended s-
wave SOC due to the structural distortion [19], which
is invariant under R′2 and already present in the band
theory.
Including H∆ in the total Hamiltonian H = H0 +
HU +H∆, the canted AF phase at x = 0 indeed coexists
with d-PSCO for remarkably small ∆d. The calculated
QP dispersion is shown in Fig. 3d for ∆d = 30 meV,
which produces a ±100 meV degeneracy splitting at X
in remarkable agreement with experiments [21]. The nn
Jeff = 1/2 QP correlator χ
σ
ij = 〈γ†iσγjσ〉 = χ′ij + iσχ′′ij
and the staggered pseudospin flux Φσ = ±σφ, φ =∑

tan−1(χ′′ij/χ
′
ij) ≃ 0.055π. The QP number current
on a link is Jσij ∝ Imχσij , such that the pseudospin cur-
rent Jpsij =
∑
σ σJ
σ
ij 6= 0, whereas the charge current
Jij =
∑
σ J
σ
ij = 0, giving rise to the novel T -symmetric
d-SODW state with d-wave pseudospin current. The
d-wave form factor (cos kx − cos ky) ensures splitting is
largest atX , and vanishes along the Γ−N−M path in the
BZ in agreement with the superimposed ARPES data.
The mismatch in the band positions near the N point is
because the band crossing in the PM phase (black lines
in Fig.3b) is too far below the Fermi level in the weak-
coupling theory. The correlation induced band narrow-
ing in the strong coupling treatment of U , such as in the
Gutzwiller approximation or the slave boson approaches,
would significantly reduce this quantitative discrepancy.
A closer look at the calculated band dispersion near
X in Fig. 3d reveals a weak asymmetry between the di-
rections Γ → X and M → X (equivalent to Γ → Y in
2D) related by 90◦ rotations. In the absence of struc-
ture distortion, although the magnetic ordered state and
the Jeff = 1/2 d-PSCO break the four-fold rotation sym-
metry (C4 plus 90
◦ spin rotation due to SOC), nematic
asymmetry in the electronic dispersion should be absent
since J ′2 ⊗ T remains a good symmetry that effectively
interchanges kx ↔ ky. Thus, the weak asymmetry in
the QP dispersions near X is due to the structure dis-
tortion that breaks J ′2 ⊗T , causing a mixing the s-wave
SOC with the d-wave pseudospin current on the bonds.
Direct measurement of the QP dispersion along Γ → Y
by ARPES would be very desirable for comparison in
Fig. 3d in order to verify the weak nematicity induced
by the proposed d-PSCO.
The ability of the d-PSCO to split the band degener-
acy around X offers insights into the effects of disorder.
A significant source of disorder that affects the sample
quality even in the undoped Sr2IrO4 is the disorder in the
structural distortion, in particular the spatially inhomo-
geneous variations in the staggered IrO6 octahedral rota-
tion and thus those in the s-wave SOC for the Jeff = 1/2
QP [19] about the average value. This necessarily gen-
erates a local distribution of the d-PSCO with “smeared
out” band splittings that contribute to the broad spec-
trum nearX observed in all ARPES measurement [1, 21–
25]. The band splitting was resolved recently in presum-
ably better quality samples [21].
Electron doped PM state. It is remarkable that such a
novel spin-orbit entangled order in the canted AF phase
can also account for the Fermi pocket, Fermi arc, and
pseudogap phenomena in the PM phase following the col-
lapse of the AF insulating gap in electron doped Sr2IrO4.
Indeed, we could have started the discussion with the
electron doped case, as shown below, and arrive at the
same conclusion for the d-wave SODW order. More de-
tailed symmetry analysis is given in the supplemental
section D.
The calculated QP band dispersions in the PM state
withoutH∆ are shown in Fig. 4a for (U, J)=(1.4, 0) eV at
x = 0.1. Despite the absence of AF order, the bands are
still folded by (π, π) due to the staggered IrO6 octahedra
rotation. Moreover, electron doping has moved the Fermi
5FIG. 4: The PM phase at x = 0.1 and (U, J)=(1.4, 0) eV.(a-b) Band dispersion in the absence H∆, i.e without d-PSCO (black
lines) and the spectral intensity of the corresponding FS. (c-d) Band dispersion in the presence of d-PSCO for ∆d = 30meV
showing the gapping of the BTP at X (red lines) and the spectral intensity of the corresponding FS. (e) FS spectrum in the
presence of disorder with ∆d = 0 and ε = 60meV, showing the Fermi arcs. (f) FS spectrum in the disordered d-PSCO with
∆d = 30meV and ε = 60meV. ARPES data [21] are superimposed as open blue squares.
energy (EF ) upward to within 70meV of the BTP at X
in Fig. 4a. Comparing to the superimposed dispersion
measured by ARPES [21], the electron FS pocket around
(π/2, π/2) in Fig. 4b is indeed observed with the QP
dispersion extending from EF down to and beyond the
“Dirac crossing”, consistent with the calculated QP dis-
persion in Fig. 4a. However, the hole FS pocket aroundX
in Fig. 4b was not observed by ARPES; the measured QP
peak near X follows the band dispersion below EF but
loses its intensity before reaching the Fermi level, leading
to the emergence of a ∼ 30 meV gap at the X point [21].
It is natural to suspect that short-range AF order or fluc-
tuations [38, 39] may be responsible for the (pseudo)gap
behavior [40]. However, the latter would produce a signif-
icant energy gap in the QP dispersion around (π/2, π/2)
as well which was not detected by ARPES [21].
We propose that closing the AF gap by electron dop-
ing reveals the d-PSCO already present in the canted AF
phase. A gap opening at X requires symmetry breaking
and lifting of the degeneracy at the BTP. The T symme-
try in the PM phase protects the two-fold Kramers de-
generacy. However, the proximity of EF to the van Hove
BTP increases the propensity toward d-PSCO that spon-
taneously breaks the R′2 symmetry and lifts the remain-
ing two-fold degeneracy by gapping out the BTP. Fig. 4c
shows the calculated QP dispersion in the presence ofH∆
in Eq. (3) with an identical magnitude ∆d = 30meV used
in the AF phase at x = 0. The induced staggered pseu-
dospin flux is ±σφ with φ = 0.589π. The d-PSCO splits
the BTP by about 200meV and produces a 30meV gap in
the QP dispersion at X shown in Fig. 4c, leaving behind
only the electron pocket around (π/2, π/2) in Fig. 4d oc-
cupied by the doped carriers, in very good agreement
with the superimposed ARPES data in electron-doped
Sr2−xLaxIrO4 at x = 0.1 [21]. As in the undoped case, it
would be very desirable to have the measured dispersions
available along Γ → Y for comparison to the predicted
weak nematicity and along X → N for the existence of
the Dirac point. Fig. 4d shows that the QP spectral
weight is much larger on the outer half than on the in-
ner half of the FS pockets, consistent with the former
being the main Jeff = 1/2 QP band while the latter the
folded band (Fig. 4c) by the structural distortion and d-
SODW order. Significant photon energy dependent spec-
tral weight anisotropy on the electron pocket has been
observed by ARPES. The current theory, however, can-
not explain the surprising result that, at certain photon
energies, the folded portion has higher intensity which
may be caused by the matrix element effects [21].
Disorder effects, Fermi arc and pseudogap behavior.
We have explained that the native disorder in the struc-
tural distortion of the undoped iridates leads to local
modulations of the d-PSCO and the broadening of the
spectral function near X in the canted AF state. Ca-
reer doping usually introduces additional sources of dis-
order. In the high-Tc cuprates, doping induced disorder
contributes significantly to the electronic inhomogeneity
[41–45]. Moreover, when a system sits close to a long-
range electronic order, disorder can pin the low-energy
quantum fluctuations to form a spatially inhomogeneous
state with glassy or short-range order that inherits cer-
tain spectroscopic properties of the ordered state. The
d-wave valence bond glass is such an example proposed
for the pseudogap phase with Fermi arcs in underdoped
cuprates [46]. To model the disorder effects, we rewrite
6Eq. (3) in real space,
Hdis∆ = i
∑
i∈A,σ
∑
j=i+δ
∆ijσγ
†
i,σγj,σ + h.c. (4)
where the bond coupling ∆ij = (−1)iy+jy∆d+ δ∆ij con-
tains an average d-wave contribution ∆d and a random
δ∆ij taken from a Gaussian distribution of zero mean
and standard deviation ε. Note that the disordered δ∆ij
necessarily involve spatially fluctuating Jeff = 1/2 d-wave
and s-wave SODW or spin currents. We first set ∆d = 0,
such that the d-PSCO vanishes on average 〈H∆〉 = 0,
i.e. without long-range order, but its moment 〈H2∆〉 6= 0,
giving rise to short-range ordered SODW or equivalently
a valence bond glass of Jeff = 1/2 spin-current. The FS
obtained with quenched disorder average [47] is plotted
in Fig. 4e at x = 0.1 for ε = 60meV, which shows the
destruction of the FS sections around X as in the clean
case with long-range d-PSCO. More remarkable is the
emergence of the full fledged Fermi arcs as the folded
part of the FS is destroyed by the scattering due to spa-
tially fluctuating pseudospin current in good agreement
with the observed Fermi arcs and d-wave like pseudo-
gaps by ARPES and STM in heavily surface K-doped
iridates [28–30]. Fig. 4f is a spectral intensity plot of
the FS when the disordered pseudospin currents fluctu-
ate spatially around a nonzero mean of the d-PSCO with
∆d = ±30 meV to account for averaging over two do-
mains. Since the static order is comparable to the disor-
der strength, although the spectral weight on the inner
halves of the electron pockets is suppressed, the bending
over of the Fermi arcs remains visible.
Discussions. We have shown that the highly uncon-
ventional QP properties observed in both the parent and
electron doped square lattice iridates can be described by
the same d-wave spin current or SODW order proposed
in Eq. (3). The basic mechanism is that the spin-orbit
entangled electronic order breaks the “hidden” R′2 sym-
metry, but it is equally surprising and reassuring that
the manifestations of the corresponding degeneracy lift-
ing of the quantum states at the high symmetry point
X can account for the ARPES and STM observations
in both the electron doped PM pseudogap phase as well
as the undoped canted AF insulator. Other symmetry-
breaking interactions capable of lifting the degeneracy
at X , such as those discussed in the supplemental sec-
tion D, do not have this property. For example, the
T -breaking d-wave circulating current or the staggered
flux order gaps out the BTP at X in the PM phase,
but cannot produce the band splitting in the AF insula-
tor, whereas the d-wave spin nematic order produces the
band splitting in the canted AF insulator, but cannot
remove the hole Fermi surface pocket around X in the
electron doped PM phase. The d-wave bond nematic or-
der does not split the degeneracy in the AF insulator and
produces strongly nematic QP band dispersion near X
in the PM metallic state, incompatible with experimen-
tal findings. It is important to note that the proposed
d-PSCO in Eq. (3) is time-reversal invariant. Thus it
doesn’t describe the time-reversal breaking hidden order
in hole-doped Sr2Ir1−xRhxO4 observed by SHG [31] and
neutron scattering measurements [32]. Given the differ-
ent nature of the chemical doping and the extension of
the magnetically ordered phase, it is very desirable for
these measurements to be carried out for the electron-
doped iridates.
The most direct manifestation of the d-PSCO order is
the Fermi pocket and the Fermi arc/pseudogap behav-
ior in the electron doped PM phase. However, since it
breaks different symmetries than the canted AF order,
two separate phase transitions are expected in the un-
doped and lightly electron doped AF phase, which should
be observable with improved sample quality. Still, direct
experimental detections of the d-PSCO would be most
convincing. The circulating spin current can in principle
be probed experimentally by the recent advances in spin
current detection in spintronics using optical SHG [48]
and x-ray magnetic circular dichroism [49]. However, the
d-wave or the staggered nature of the ordered current
makes the detection of a “net” spin current or spin flux
by these techniques challenging. Hence, utilizing the re-
sponse of the d-PSCO to the local environment near non-
magnetic or magnetic impurities [50, 51] may be more
suitable for its detection by local probes such as NMR
and STM, in addition to the above mentioned methods.
It may be possible to detect the d-wave form factor from
the spatial patterns of the local density of states acces-
sible by STM. A distribution of net spin flux/current
may also emerge and be picked up by spintronic tech-
niques near nonmagnetic impurities, or even net charge
flux/current near magnetic impurities that can be de-
tected by local magnetometry such as an atomic force
magnetometer.
The undoped Sr2IrO4 does exhibit a lowering of crystal
symmetry at high-temperatures observed by neutron and
resonant X-ray scattering [52–54] and shown by optical
SHG as due to the staggered tetragonal distortion of the
IrO6 octahedra [55]. However, the important d-wave fac-
tor in H∆ requires additional C4 symmetry breaking. To
illustrate this point, it is instructive to consider the spin
precession due to SOC when the QP hops between the
nn Ir atoms via the oxygen, as indicated by the vectors
~d1 and ~d2 in Fig. 3a. This intersite SOC [56] is given
by iλ12(~d1 × ~d2) · ~τσσ′γ†1σγ2σ′ , which leads to Eq. (3) if
C4 symmetry is broken. Since in the undoped canted
AF state, the SHG signals even break the C2 symmetry
[31], the two-dimensional d-PSCO proposed here is al-
lowed although it does not break inversion or C2 within
a single layer; nor does it break T already broken by
magnetic order. Further studies on the c-axis stacking of
the d-PSCO and the magnetic order [57] are necessary in
order to compare directly to the nonlinear optics and the
interpretation in terms of intra-cell loop currents [31].
It is likely that the main driving force behind the d-
PSCO has an electronic origin. The nature of the non-
local spin current suggests that it may emerge from in-
tersite electronic interactions. Since the 5d orbitals have
7a large spatial extent, the nn interatomic Coulomb in-
teraction V can be important. Indeed, Eq. (3) can be
obtained by decoupling V between the Jeff = 1/2 QPs as
in the study of topological Mott insulators [58]. Our pre-
liminary calculations using a single-band t-U -V model for
the Jeff = 1/2 QPs, with band parameters extracted from
the present theory, indeed show spontaneous generation
of the d-PSCO above a critical V both in the PM phase
and in the AF phase coexisting and competing with the
AF order. The nonlocal charge fluctuations of spin-orbit
coupled QPs governed by the interatomic V , unfavorable
for d-wave pairing via spin fluctuations or the superex-
change interaction, present a crucial difference between
the iridates and the cuprates.
The d-PSCO offers a new perspective on the electronic
structure of the iridates since it splits the QP band de-
generacy from X to N except for the Dirac point at
(π/2, π/2) (see Fig. 4c) protected by the nonsymmorphic
space group symmetries [59]. Thus, the metallic state of
the iridates behaves as an electron doped quasi-2D Dirac
semimetal, which may play an essential role for studying
electronic pairing and the possible emergence of super-
conductivity in Sr2−xLaxIrO4 [29, 30].
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9Supplementary Material
A. Orbital angular momentum and the Spin-orbit
coupling
In terms of the spherical harmonics |ℓ,m〉 ≡ Y mℓ , the
five atomic d-orbitals can be expressed [1] as ψd = V ψℓ,
with
ψd = (dY Z , dZX , dXY , d3Z2−R2 , dX2−Y 2)
T
,
ψℓ = (|2,−2〉, |2,−1〉, |2, 0〉, |2, 1〉, |2, 2〉)T , and
V =


0 i√
2
0 i√
2
0
0 1√
2
0 − 1√
2
0
i√
2
0 0 0 − i√
2
0 0 1 0 0
1√
2
0 0 0 1√
2


.
Using the relation L± = Lx ± iLy, and the angular
momentum algebra L±|ℓ,m〉 =
√
ℓ(ℓ+ 1)−m(m± 1)
|ℓ,m ± 1〉, Lz|ℓ,m〉 = m|ℓ,m〉, it is straightforward to
obtain the explicit matrix form of the orbital angular
moment L in the ψd basis,
Lx =


0 0 0 −i√3 −i
0 0 i 0 0
0 −i 0 0 0
i
√
3 0 0 0 0
i 0 0 0 0

 ,
Ly =


0 0 −i 0 0
0 0 0 i
√
3 −i
i 0 0 0 0
0 −i√3 0 0 0
0 i 0 0 0

 ,
and Lz =


0 i 0 0 0
−i 0 0 0 0
0 0 0 0 i2
0 0 0 0 0
0 0 −i2 0 0

 . (S1)
In order to derive the spin-orbit coupling (SOC), the
d-orbital basis needs to be enlarged to include the spin
degrees of freedom
ψd = (dY Z,↓, dZX,↓, dXY,↓, d3Z2−R2,↓, dX2−Y 2,↓, ↓→↑)T.
The matrix form of the atomic SOC in the spin-orbital
basis is thus given by
Hsoc = λsocL · S = 1
2
λsoc
( −Lz L+
L− Lz
)
. (S2)
It is straightforward to show that the SOC interaction
Hsoc is invariant under joint spin-orbital rotations, i.e.,
J †(θ)HsocJ (θ) = Hsoc, where J (θ) = RL(θ)⊗RS(θ) =
eiLzθ ⊗ eiSzθ rotates simultaneously the orbital and the
spin by an angle θ around the c-axis.
TABLE S1: Hopping integrals t˜αβ[∆x,∆y] in units of meV.
[∆x,∆y] denotes the in-plain hopping vector, and (µ, ν)
the orbitals. I, σy, and σd correspond to t˜αβ [−∆x,−∆y],
t˜αβ[∆x,−∆y], and t˜αβ [∆y,∆x], respectively, where ”±” and
”±(α′, β′)” in the row of (α, β) mean that the corresponding
hopping is equal to ±t˜αβ[∆x,∆y] and ±t˜α′β′ [∆x,∆y], respec-
tively. This table, combined with the relation t˜αβ[∆x,∆y] =
t˜βα[−∆x,−∆y], gives all the ab-plane hoppings ≥ 1meV up
to fifth neighbors.
(α, β) [1,0] [1,1] [2,0] [2,1] [2,2] I σy σd
(1,1) −66 16 12 5 2 + + +(2,2)
(1,2) 3 1 −2 + − +
(2,2) −391 16 30 6 2 + + +(1,1)
(3,3) −391 −139 30 −10 −11 + + +
(3,4) 88 11 9 + − +
(3,5) −12 + − −
(4,4) −245 −38 −6 −3 −1 + + +
(4,5) 309 30 8 + + −
(5,5) −792 173 −140 3 + + +
B. LDA band structure and the TB+SOC model
We first consider an idealized, i.e. undistorted Sr2IrO4
where the staggered rotation of the IrO6 octahedra is
neglected. The resulting crystal structure has a space-
group of I4/mmm symmetry and the corresponding unit
cell contains only one Ir atom. The lattice parameters are
from Ref. [2]: a = b =3.89 A˚ and c =12.92 A˚. Taking into
account the SOC, the obtained LDA[4] band dispersions
is shown in Fig. S1a for the undistorted Sr2IrO4.
Next, we construct a two-dimensional TB+SOC model
for the low-energy band structure using five localized 5d
Wannier orbitals centered at an Ir site labeled by α, β =
1(dyz), 2(dzx), 3(dxy), 4(d3z2−r2), 5(dx2−y2),
H˜0 =
∑
ij,αβ,σ
t˜αβij d
†
iασdjβσ +
∑
iασ
ǫαd
†
iασdiασ
+ λsoc
∑
i,αβ,σσ′
〈α |L| β〉 · 〈σ |S|σ′〉 d†iασdiβσ′ . (S3)
Here d†iασ creates an electron with spin-σ in the α-th or-
bital at site i. It is important to note that in Eq. (S3),
the spin and orbital are both defined in the global co-
ordinates (x, y, z) of the system. The hopping inte-
grals t˜αβij ≡ t˜αβ [xj − xi, yj − yi] are real and given in
Table S1 for up to fifth nearest neighbors. The ob-
tained crystalline electric field (CEF) hierarchy is given
by ǫ1,··· ,5 = (0, 0, 202, 3054, 3831) meV. The last term in
Eq. (S3) describes the atomic SOC and the matrix repre-
sentation is given explicitly in Eq. (S2). The LDA value
for the atomic SOC is λsoc = 357 meV. The band disper-
sion produced by the TB+SOC Hamiltonian is shown in
Fig. S1b, which captures faithfully the low-energy part
of the LDA band structure in Fig. S1a.
In realistic Sr2IrO4 materials, the corner-shared IrO6
are not aligned but rotated clockwise and anticlockwise
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FIG. S1: Comparison between the LDA band structures and
the TB+SOC model. (a) LDA without structural distortion.
(b) TB+SOC model without structural distortion. (c) LDA
with structural distortion. (d) TB+SOC model with struc-
ture distortion (black lines). The grey lines in (d) show the
band structure in (b) folded into the reduced BZ.
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FIG. S2: Schematic picture of a IrO2 layer. Large filled or
open circles denote Ir atoms on two sublattices, and small
open circles are oxygen atoms. Small x, y are the global cubic
axis, while capital X, Y denote local sublattice-dependent
axis. The IrO6 octahedra of sublattice A/B are rotated about
c-axis by θ = ±11◦.
alternately around the c-axis by about 11◦. The top view
of the staggered octahedral rotation is shown schemati-
cally in Fig. S2, which lowers the symmetry group of
Sr2IrO4 from I4/mmm to I41/acd and the corresponding
conventional unit cell contains four (
√
2×√2×2) formula
units. The lattice constants we used here are taken from
the values obtained at 295 K by Crawford et. al. [3]:
a = b =5.497 A˚(at =3.887 A˚), c =25.798 A˚(ct =12.899
A˚). The obtained LDA band structure near the Fermi
level is shown in Fig. S1c in the reduced zone in two di-
mensions (2D) plotted in the inset in Fig. S1a since the
staggered octahedral rotation doubles the 2D unit cell. It
clearly deviates from the grey lines in Fig. S1d obtained
by simply folding the band structure of the TB+SOC
model in Eq. (S3) into the 2D reduced BZ. The main dif-
ference is that the band crossing (mainly dxy and dx2−y2
orbitals) above the Fermi level near Γ is lifted by the
structure distortion.
In order to obtain the tight-binding model in the pres-
ence of the structure distortion, it is essential to trans-
form the atomic spin/orbital into the local coordinates
that follow the staggered octahedral rotation. The SOC
term is invariant as shown in the last section. Assuming
the atomic crystal fields in the local IrO6 environment
are unchanged to a good approximation, the main ef-
fects of the octahedral rotation is on the hopping term
in Eq. (S3). This amounts to a spatial rotation from the
global (x, y, z) to the local (X,Y, Z) coordinates shown
in Fig. S2 by angles θi and a spin rotation by angles θi
[5], i.e. Ri = e−iLzθi⊗eiSzθi . The hopping of an electron
from site j to site i is described by the 10 × 10 matrix,
t˜ij , in the spin-orbital space. Carrying out this rotation
on the hopping matrix, tij = R†i t˜ijRj , one finds that the
hopping matrix tij is in general complex and spin-orbital
dependent but diagonal in spin space. The TB+SOC
model in the local (X,Y, Z) coordinates is thus given by
H0 =
∑
ij,µν,σ
tµν,σij d
†
iµσdjνσ +
∑
iµσ
ǫµd
†
iµσdiµσ
+ λsoc
∑
i,µν,σσ′
〈µ |L| ν〉 · 〈σ |S|σ′〉 d†iµσdiνσ′ , (S4)
where the orbital indices µ, ν = 1(dY Z), 2(dZX), 3(dXY ),
4(d3Z2−R2), 5(dX2−Y 2), as given in Eq. (1) in the main
text. The obtained band dispersion is shown as black
lines in Fig. S1d, which provides an accurate five-orbital
TB+SOC description of the LDA band structure in the
presence of lattice distortion shown in Fig. S1c.
C. The Jeff = 1/2 doublet
Since the cubic crystal field ∆c = 10Dq (≃ 3.4 eV) is
much larger than λsoc, the five d atomic orbitals split into
the 3-fold t2g manifold consisting of dY Z , dZX , and dXY ,
and the higher lying 2-fold eg manifold of d3Z2−R2 and
dX2−Y 2 . Projecting out the high energy eg manifold,
it has been shown [6, 7] that the t2g manifold has an
11
TABLE S2: Considered orders and symmetry properties.
Order τ R′2 T
Bond nematic σ0 × X
Staggered flux iσ0 X ×
Spin nematic σz X ×
d-PSCO iσz × X
effective angular moment ℓ = 1 with triplets |1, 0〉 =
dXY , |1,±1〉 = − 1√2 (idZX ± dY Z) and reversed angular
momentum L → −L. The truncated matrix form of the
SOC in the t2g manifold thus reads
HSOC = −λL · S = λ
2


0 −i 0 0 0 1
i 0 0 0 0 i
0 0 0 −1 −i 0
0 0 −1 0 i 0
0 0 i −i 0 0
1 −i 0 0 0 0


(S5)
in the basis of (dY Z,↓, dZX,↓, dXY,↓; ↓→↑)T . The SOC
further splits the t2g complex into spin-orbit multiplets
with a Jeff = 3/2 quartet and a higher lying Jeff = 1/2
doublet. The Jeff = 1/2 doublet is given by
|1
2
,
1
2
〉 = 1√
3
(idY Z,↓ + dZX,↓ + idXY,↑) , and
|1
2
,−1
2
〉 = 1√
3
(−idY Z,↑ + dZX,↑ + idXY,↓) .
D. Symmetry and symmetry breaking interactions
As discussed in the main text, there is a four-fold
degeneracy in the quantum states at the band touch-
ing point (BTP) at X (black lines in Figs. 2b and
4a). They correspond to a Kramers doublet protected
by the nonunitary time-reversal symmetry (T ) and the
symmetry under the joint spin-orbital operation R′2 ≡
R′s(π) ⊗ C′2 ⊗ τAB where R′s(π) and C′2 rotate the spin
and spatial coordinates/orbitals by 180 degrees along the
[11¯0] direction, and τAB is an A↔ B sublattice transla-
tion. The degeneracy can be partially lifted by breaking
either T or R′2 separately, or completely lifted by break-
ing both simultaneously. Note that T is already broken
by the ordered moment in the undoped canted AF insu-
lator.
To determine the possible forms of the quadratic
symmetry-breaking interaction, whose expectation value
gives the corresponding electronic order, is a serious chal-
lenge in such multiorbital and spin-orbit coupled systems.
The problem is simplified considerably by observing (1)
the low-energy band dispersion is dominated by the con-
tribution from the Jeff = 1/2 quasiparticles (QP) defined
in the previous section, and (2) the degeneracy splitting
observed by ARPES is anisotropic in momentum space
and consistent with having a d-wave form factor in both
the undoped canted AF insulator and the electron-doped
PM metal. The general form of the interactions can thus
be expressed as
H∆ = ∆
∑
i∈A
∑
j=i+δ
Sijψ
†
i τψj + h.c. (S6)
between nearest neighbors on the square lattice with
δ = ±xˆ,±yˆ. Here the spinor ψi = (γi↑, γi↓)T with
γσ =
1√
3
(iσdY Z,σ¯ + dZX,σ¯ + idXY,σ) the destruction op-
erator of the Jeff = 1/2 doublet. Sij = (−1)iy+jy is the
standard nearest neighbor d-wave form factor, and τ is
a 2 × 2 matrix in the pseudo-spin basis, which can be
expressed in terms of the identity and Pauli matrices.
For simplicity, we discuss explicitly the interactions that
do not flip the pseudo-spins. Pseudospin flipping inter-
actions can be treated in a similar manner. Therefore,
there are four possible choices for τ , i.e., τ = σ0, iσ0, σz ,
and iσz . They correspond to, respectively, d-wave bond
nematic order [8], d-wave circulating current or staggered
flux, d-wave spin-nematic order, and d-wave pseudospin
current order (d-PSCO). They break either T orR′2 sym-
metry as summarized in Table S2.
Fig. S3 shows the calculated low-energy QP band dis-
persions when each of the four interactions is switched
on individually with ∆ = 30meV in both the electron
doped PM metal at x = 0.1 (top panels) and the canted
AF insulator at x = 0 (lower panels). Of the two T
breaking interactions, the staggered flux can gaps out
the BTP at X , but cannot produce the band splitting
in the AF phase, whereas the d-wave spin nematic order
splits the band degeneracy at X in the canted AF phase,
but fails to produce a gap for removing the hole Fermi
surface pocket around X in the PM metal. Note that
the small band degeneracy lifting produced by the stag-
gered flux in the canted AF phase is entirely due to the
structural distortion or equivalently the canting of the
AF order. Similarly, the bond nematic order does not
induce the band splitting in the AF phase. Moreover it
causes the QP dispersion to be strongly nematic around
X in the PM metal, inconsistent with experiments. It is
clear from Fig. S3 that only the d-PSCO gives rise to an
electronic structure with both the band splitting in the
canted AF state and the gapping of the BTP at X in
the PM metal, in agreement with the observations of the
ARPES experiments.
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